Peach latent mosaic viroid (PLMVd) is a circular RNA pathogen that replicates in a DNA-independent fashion via a rolling circle mechanism. PLMVd has been shown to self-ligate in vitro primarily via the formation of 2,5-phosphodiester bonds; however, in vivo the occurrence and necessity of this nonenzymatic mechanism are not evident. Here, we unequivocally report the presence of 2,5-phosphodiester bonds at the ligation site of circular PLMVd strands isolated from infected peach leaves. These bonds serve to close the linear conformers (i.e., intermediates), yielding circular ones. Furthermore, these bonds are shown to stabilize the replicational circular templates, resulting in a significant advantage in terms of viroid viability. Although the mechanism responsible for the formation of these 2,5-phosphodiester bonds remains to be elucidated, a hypothesis describing in vivo nonenzymatic self-ligation is proposed. Most significantly, our results clearly show that 2,5-phosphodiester bonds are still present in nature and that they are of biological importance.
Viroids are the smallest nucleic acid-based pathogens known to date (see references 15 and 33 for reviews). They are small (ϳ300 nucleotides [nt] ), single-stranded, circular RNAs that infect higher plants and cause significant losses in agriculture. Viroids have been classified into two groups (A and B) based primarily on whether or not they possess the five typical structural domains found in the group B viroids. Further division among the 27 group B members depends on the sequence and length of the conserved central regions (7, 14, 33) . Viroids that do not possess any kind of sequence or structural similarity with group B viroids have been classified as belonging to group A. The latter group includes the avocado sunblotch viroid, the peach latent mosaic viroid (PLMVd), and the chrysanthenum chlorotic mottle viroid (7, 15) . All group A viroids possess hammerhead self-cleaving motifs and are proposed to replicate in chloroplasts (8, 11, 23) . This localization has received recent support from the identification of a chloroplastic RNA polymerase that has the ability to replicate avocado sunblotch viroid (26) . In contrast, group B viroids are localized in the nucleus, and RNA polymerase II appears to be responsible for their replication (4, 18, 30) .
In infected cells, viroids replicate in a DNA-independent manner via a rolling circle mechanism that follows either a symmetric or an asymmetric mode (6, 8, 33, 36) . The replicational intermediates of PLMVd, a 338-nt group A viroid that is the causal agent of peach latent mosaic disease (19) , were recently studied by Northern blot analysis (8) . PLMVd has been shown to replicate in a symmetric mode involving the accumulation of both circular and linear monomeric strands of both polarities (see Fig. 1 ). No multimeric conformer (i.e., intermediate) has been detected, indicating that both strands self-cleave efficiently via their hammerhead sequences. Moreover, it has been observed that monomeric linear RNAs accumulate at a high level compared to circular conformers (8) . The latter observation might be the result of a rather inefficient ligation step (i.e., circularization).
Based on in vitro experiments, two different ligation mechanisms were proposed for the conversion of monomeric linear PLMVd (L-PLMVd) strands into circular conformers (10, 22) . Initially, a wheat germ RNA ligase was shown to catalyze the circularization of unit-length L-PLMVd transcripts, as has been observed for potato spindle tuber viroid (PSTVd) (5, 22) . Such enzymatic ligation leaves a 2Ј-phosphomonoester 3Ј,5Ј-phosphodiester bond as its signature, as has been observed for two viroid-like satellite RNAs (21) . More recently, PLMVd has been shown to self-ligate in vitro primarily via the formation of 2Ј,5Ј-phosphodiester bonds (i.e., Ͼ96%; see references 10 and 22) . However, in vivo the occurrence and necessity of this nonenzymatic mechanism are not evident (15) . In order to elucidate the PLMVd circularization step, we have investigated the nature of the phosphodiester bonds found at the ligation site of natural PLMVd strands isolated from infected cells. We report unequivocal evidence of the presence of 2Ј,5Ј-phosphodiester bonds at the ligation site of circular PLMVd (C-PLMVd) strands. These bonds serve to close the linear conformers, yielding circular ones. Furthermore, these bonds are shown to prevent self-cleavage of the replicational circular templates, resulting in a significant advantage in terms of viroid viability.
MATERIALS AND METHODS
RNA isolation. RNA samples were isolated from leaves harvested from different peach cultivars either infected or not infected with PLMVd (see Table 1 ) using three previously described extraction methods (8, 17) . The first procedure used an RNeasy plant minikit (Qiagen) to prepare RNA from 50 to 100 mg of tissue as specified by the manufacturer. This procedure was also performed with the addition of 5 mM EDTA to all buffers. The second procedure used was the Tris-EDTA extraction method (8) . The third procedure used was a modification of that involving polyethylene glycol (PEG) precipitation (17) . All RNA samples were quantified by UV spectrophotometry and electrophoresed on 1.3% agarose gels in order to assess their quality. Dried RNA samples were stored at Ϫ70°C.
Preparation of synthetic PLMVd transcripts and RNA probes. The synthesis and purification of both the L-PLMVd and the C-PLMVd transcripts used were performed as described previously (2, 3, 10) . Briefly, in vitro transcription was performed using recombinant plasmid pPD1, which possesses two tandemly repeated PLMVd sequences (plus and minus strands). During transcription, RNAs of both polarities and possessing hammerhead sequences are produced and self-cleave efficiently, yielding 338-nt monomeric transcripts (i.e., L-PLMVd). For random internal labeling, 50 Ci of [␣-
32 P]UTP (3,000 Ci/ mmol; Amersham Life Science) was added to the transcription reaction. After transcription, DNase (RNase-free) treatment, and precipitation of the nucleic acids, they were dissolved in 20 l of 10 mM Tris-HCl (pH 8.0)-1 mM EDTA in 0.5 volume of stop buffer (0.3% [wt/vol] each bromophenol blue and xylene cyanol, 10 mM EDTA [pH 7.5], and 97.5% [vol/vol] deionized formamide) and electrophoresed through a 5% (wt/vol) polyacrylamide gel in 100 mM Trisborate (pH 8.3)-1 mM EDTA-7 M urea buffer. Nonradioactive transcripts were detected by UV shadowing and radioactive ones were detected by autoradiography, and both were excised, eluted, precipitated, purified by passage through Sephadex G-50 spin columns (Amersham), lyophilized, resuspended in water, quantitated either by absorbance spectrophotometry at 260 nm or Cerenkov counting, and stored dry at Ϫ70°C. Both the plus-and the minus-strand-specific riboprobes used for Northern blot hybridization were synthesized and purified in an analogous manner, except that (i) we used a StripEZ transcription kit (Ambion) to obtain probes that can be stripped under mild washing conditions so as to permit multiple probings of the same membrane and (ii) the transcription reactions were performed in the presence of 50 Ci of [␣-
32 P]GTP (3,000 Ci/mmol; Amersham) (8) .
C-PLMVd transcripts which include exclusively 3Ј,5Ј-phosphodiester bonds (3Ј,5Ј-C-PLMVd) were synthesized by use of a procedure based on the circularly permuted RNA strategy described previously (2) . C-PLMVd transcripts including a 2Ј,5Ј-phosphodiester bond at the ligation site (2Ј,5Ј-C-PLMVd) were synthesized by in vitro self-ligation of L-PLMVd as described previously 10, 22) . L-PLMVd (ϳ500,000 cpm for radioactive transcripts or 1 to 10 g for nonradioactive ones) was resuspended in a final volume of 15 l of 4 mM Tris-HCl (pH 7.9)-100 mM MgCl 2 , incubated overnight at 16°C, ethanol precipitated, washed, and lyophilized. The resulting pellets were purified by 5% polyacrylamide gel electrophoresis (PAGE) as described above.
RNA fractionation by 2D PAGE. RNA samples (5 g) purified from peach tree leaves were mixed with trace amounts (Ͻ1 fmol; 500 cpm) of in vitro-synthesized 32 P-labeled C-PLMVd in a volume of 30 l of either water or 10 mM Tris-HCl (pH 8.0)-1 mM EDTA, and 10 l of loading buffer (0.25% each xylene cyanol and bromophenol blue and 50% glycerol) was added. The resulting samples were then fractionated on a 5% two-dimensional (2D) polyacrylamide gel, with the first dimension being run under native conditions (4°C) and the second being run under denaturing conditions (50°C in the presence of 7 M urea) as described previously (29) . Radiolabeled C-and L-PLMVd transcripts were detected by autoradiography, excised, eluted, precipitated, purified by passage through Sephadex G-50 spin columns, and stored dry at Ϫ70°C.
Analysis of phosphodiester bonds. The RNA species isolated with the radiolabeled C-PLMVd and L-PLMVd spots from the 2D polyacrylamide gels were treated according to a method used to identify modified nucleosides (32) . The RNA samples were resuspended in 10 l of 10 mM ammonium acetate (pH 4.5) containing 0.05 U of RNase T 2 (Gibco BRL; producing 3Ј nucleoside monophosphates [NMP]) and were then incubated overnight at 37°C. The resulting mixtures were lyophilized, and the nucleotides (and dinucleotides) were 5Ј end labeled using T4 polynucleotide kinase (Pharmacia) in the presence of [␥-
32 P]ATP (3,000 Ci/mmol; Amersham; producing 5Ј,3Ј-nucleoside diphosphates) in a total volume of 11 l according to the manufacturer's recommendations (Pharmacia). The excess [␥-32 P]ATP was chased using 0.008 U of yeast hexokinase (Sigma) in the presence of 22 nmol of glucose for 10 min at 37°C. Nonradioactive ATP (2.5 mM) was added, and the mixtures were incubated at 37°C for an additional 10 min. This latter step was then repeated. After the mixtures were cooled on ice, they were lyophilized and resuspended in 20 l of ultrapure water. One-half (10 l) of each of the resulting samples was treated with nuclease P1 by the addition of 10 l of 150 mM ammonium acetate (pH 5.3) and 2 g of nuclease P1 (Boehringer Mannheim Biochemicals; producing 5Ј NMP). The reaction mixture was incubated at 37°C for 3 h and then analyzed by 2D thin-layer chromatography (TLC) on cellulose plates with a UV indicator (Mandell) using the solvent system described by Silberklang et al. (32) . Alternatively, 2D TLC was run using the solvent system described by Nishimura (27) . Nonradioactive mononucleotides and dinucleotides (including cytidylyl-2Ј,5Ј-uridine [C/U]) were purchased (Sigma) and were also fractionated. The resulting dried plates were analyzed by UV shadowing and autoradiography, and the spots were quantified with a PhosphorImager (Molecular Dynamics). The radioactive spot corresponding to the dinucleotide was recovered as described by Houssier et al. (20) . Dinucleotides were digested by alkaline hydrolysis or were 5Ј end labeled using polynucleotide kinase in the presence of [␥-
32 P]ATP, and the resulting samples were analyzed directly on polyethyleneimine-cellulose with a UV indicator (Mandell) using the solvent system described previously (37) .
Self-cleavage assay. The mixtures of RNA (i.e., extracted RNA and added radioactive PLMVd; ϳ3,000 cpm) were resuspended in a volume of 9 l of 10 mM Tris-HCl (pH 8.0)-1 mM EDTA and were then heated at 90°C for 1 min prior to snap cooling on ice for 30 s. Self-cleavage of the transcripts was initiated by the addition of 1 l of 1 M MgCl 2 , and the reaction mixtures were incubated at 37°C for 15 to 30 min. The reactions were quenched by the addition of 0.5 volume of stop buffer, and the mixtures were stored on ice until being denatured for 2 min at 65°C and purified by denaturing 5% PAGE.
Northern blot hybridization. RNA samples (5 g) isolated from both healthy and PLMVd-infected Siberian C cultivar leaves were analyzed by Northern blot hybridization using radiolabeled probes as described previously (8) . RNA samples from healthy leaves mixed with 0.5 ng of synthetic nonradioactive 3Ј,5Ј-CPLMVd transcripts (of positive polarity) were also analyzed. The RNA samples were resuspended in 10 mM Tris-HCl (pH 7.5)-0.1 mM EDTA, self-cleavage experiments were performed, and the mixtures were subjected to 5% PAGE analysis as described above. Nucleic acid transfer to nylon filters (Hybond N ϩ ; Amersham), prehybridization, and hybridization were performed as described previously (8) . The resulting filters were analyzed by autoradiography or were exposed to a phosphor screen. All blots were successfully hybridized with both the plus-and the minus-strand PLMVd probes.
RESULTS
Detection of 2,5-phosphodiester bonds at the ligation sites of PLMVd. The processing of PLMVd concatameric intermediates is mediated by RNA self-catalytic hammerhead structures that produce linear monomeric strands with 2Ј,3Ј-cyclic phosphate and 5Ј-hydroxyl termini (3, 19) . After self-cleavage, precise refolding is required in order to bring the two ends (i.e., 3Ј-cytosine and 5Ј-uridine) into the close proximity required for ligation (Fig. 1, insets) . Although the in vivo ligation mechanism remains unknown, if self-ligation does occur, C/U dinucleotides should be found in C-PLMVd strands isolated from infected leaves. Since 2Ј,5Ј-phosphodiester bonds, but not 3Ј,5Ј-phosphodiester bonds, are resistant to both RNase T 2 and nuclease P1 (10, 13), we should be able to simply verify whether or not self-ligation is a potential mechanism of in vivo circularization for PLMVd.
In order to detect the position of natural C-PLMVd in 2D PAGE, trace amounts of synthetic 32 P-labeled C-PLMVd containing exclusively 3Ј,5Ј-phosphodiester bonds (2) were added to RNA samples isolated from infected leaves (Siberian C cultivar). Figure 2A shows that C-PLMVd migrates off the diagonal, while a trace of L-PLMVd, produced by self-cleavage, is barely detectable on the diagonal. The off-diagonal band (C-PLMVd) was excised from the gels, and the RNA was eluted. The eluted RNA was digested with RNase T 2 , and the digestion products were labeled at their 5Ј ends with 32 P using polynucleotide kinase prior to 2D TLC analysis ( Fig. 2B and  C) . The four NMP and a species with a migration consistent with that of a commercial nonradioactive C/U dinucleotide linked by a 2Ј,5Ј bond were detected in the infected samples but not in the RNA sample extracted from healthy (i.e., uninfected) leaves. Similar results were obtained using other solvent systems (data not shown).
The C/U identity of this species was subsequently confirmed (data not shown) by the methods described previously for the in vitro self-ligation experiments (10) . Specifically, in the absence of commercial nucleotides, the radioactive spot corresponding to the dinucleotide was recovered and digested by alkaline hydrolysis, thereby releasing the NMP. The resulting samples were analyzed by one-dimensional TLC to confirm the presence of the 5Ј 32 P-cytosine. Alternatively, the NMP released by alkaline hydrolysis were 5Ј end labeled with T4 polynucleotide kinase. In this case, a 5Ј 32 P-cytosine and a 5Ј 32 P-uridine were detected, confirming the presence of the 3Ј uridine. The chromatographic mobilities of these species (C/U, C, and U) in both 1D and 2D TLC analyses excluded the possibility that the spot was a 2Ј-phosphomonoester 3Ј,5Ј-phosphodiester bond, like that found in two viroid-like satellite RNAs (21) . Moreover, the migration positions of all dinucleotides in 2D TLC analyses are well known and different. No other dinucleotide migrated to the same position as C/U. Similar experiments were performed using either synthetic transcripts or various RNA samples isolated from both infected and uninfected peach leaves ( Table 1 ). The dinucleotide was detected only in two cases: (i) in C-PLMVd isolated from infected leaves, regardless of the extraction method used or the particular cultivar, and (ii) in synthetic C-PLMVd prepared by in vitro self-ligation. No L-PLMVd species isolated from infected leaves was observed to possess a dinucleotide. Together, the latter result and the C/U identity of the dinucleotide confirm that 2Ј,5Ј-phosphodiester bonds originate from the ligation sites. Furthermore, the 2Ј,5Ј-phosphodiester bonds observed by TLC are not the result of subsequent self-cleavage and self-ligation of synthetic 3Ј,5Ј-C-PLMVd or of the selfligation of natural L-PLMVd during the extraction procedure, as no dinucleotide was detected in experiments with this transcript alone (i.e., 3Ј,5Ј-C-PLMVd; Table 1 ); in addition, extraction performed in the presence of radioactive synthetic LPLMVd did not result in the formation of C-PLMVd (data not shown). It is doubtful that the dinucleotide originated from another RNA species that comigrated with C-PLMVd strands because, if this were the case, we should have detected the dinucleotide in the experiments performed with the off-diagonal bands from healthy leaves. Furthermore, TLC analysis of synthetic 3Ј,5Ј-C-PLMVd in the presence of RNA isolated from healthy leaves always required a longer exposure (Ͼ10 times) in order to produce NMP intensities comparable to those derived from samples from infected leaves. This difference suggests that for the samples from healthy leaves, the NMP were derived exclusively from the added synthetic 32 P-C-PLMVd; therefore, natural C-PLMVd strands are likely alone or almost alone in having this electrophoretic mobility.
Proportion of 2,5-phosphodiester bonds. We estimate, by PhosphorImager quantification, that more than 88% of the C-PLMVd strands isolated from infected leaves contain a 2Ј,5Ј bond (eight chromatograms were analyzed in total, with the percentage varying from 62 to 100%). Even allowing for imprecisions in the quantification of the different TLC spots, the predominance of the 2Ј,5Ј isomer versus the 3Ј,5Ј isomer at the ligation site appears unequivocal. However, this value may be inflated due to the self-cleavage of natural 3Ј,5Ј-C-PLMVd strands during the manipulations which produced the linear conformers seen on the 2D gels. In order to rule out this possibility, we performed two experiments. In one, EDTA was included (up to 5 mM) in the RNA extraction steps in order to prevent hammerhead self-cleavage of 3Ј,5Ј-C-PLMVd. No detectable differences were observed (Table 1 ). In the other, the addition of 32 P-labeled synthetic C-PLMVd transcripts with either a 3Ј,5Ј-or a 2Ј,5Ј-phosphodiester bond at the ligation FIG. 1. PLMVd rolling circle replication. The polymerization, hammerhead-mediated self-cleavage, and ligation steps are numbered 1 and 4, 2 and 5, and 3 and 6, respectively. The polarities of the strands are indicated in parentheses. The insets show schematic secondary structures for the PLMVd strands of both polarities according to a published previously model (9) . For each strand, the nucleotide sequence and structure adopted at the ligation site are illustrated.
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NATURAL 2Ј,5Ј-PHOSPHODIESTER BONDS IN PLMVdsite to the extraction mixture (i.e., in the ground leaf powder) resulted in less than 1% self-cleavage, as determined by PAGE analysis (Fig. 3, lanes 2 and 7, respectively) . The results were identical in the presence of additional 5 mM EDTA in all buffers used in the extraction procedures (Fig. 3, lanes 3 and  8) , as well as when the synthetic transcripts were added to the leaves prior to extraction. Also, greater-than-one-unit-length L-PLMVd transcripts (e.g., a dimer) submitted to the same treatments showed less than 2% self-cleavage (data not shown). When equivalent samples were heat denatured and snapcooled on ice and MgCl 2 was added to a 100 mM final concentration prior to incubation at 37°C for 10 to 30 min (i.e., under optimal self-cleavage conditions), 3Ј,5Ј-C-PLMVd selfcleaved normally (i.e., ϳ40%; Fig. 3, lane 4) , showing that it had not lost its ability to self-cleave. In contrast, 2Ј,5Ј-CPLMVd showed only a barely detectable level of self-cleavage (Ͻ0.5%; Fig. 3, lane 9 ), in agreement with the previous demonstration that 2Ј,5Ј-C-PLMVd transcripts (produced in vitro) are protected against self-cleavage (10). Finally, the mixture of synthetic transcripts and RNA samples extracted in the presence of 5 mM EDTA was also tested for self-cleavage activity. 3Ј,5Ј-C-PLMVd had a slightly reduced level of self-cleavage, most likely because the EDTA chelated a portion of the magnesium (Fig. 3, lane 5) . For 2Ј,5Ј-C-PLMVd, no self-cleavage activity was detected (Fig. 3, lane 10) . Most importantly, these controls demonstrated that the protocols used preserve the integrity of the RNA species, thereby confirming the predominance of 2Ј,5Ј-phosphodiester bonds.
The presence of a 2,5-phosphodiester bond prevents selfcleavage. As mentioned above, it has previously been shown that 2Ј,5Ј-C-PLMVd transcripts (produced in vitro) are protected against self-cleavage (10). To verify if this property is shared by natural C-PLMVd, RNA extracted from infected leaves was incubated under self-cleavage conditions prior to Northern blot analysis using L-PLMVd strands of negative polarity as a probe (Fig. 4) . While self-cleavage was observed with synthetic 3Ј,5Ј-C-PLMVd transcripts (Fig. 4, lanes 3 and  4) , the ratio of L-PLMVd to C-PLMVd remained virtually identical for PLMVd isolated from infected leaves (lanes 5 and 6). Since the quantity of C-PLMVd is significantly smaller than that of L-PLMVd, it is not impossible that a small proportion self-cleaved without being detected by the method used. Identical results were obtained when positive-polarity L-PLMVd was used as a probe. These results are easily explained by the fact that the 2Ј-hydroxyl group adjacent to the hammerhead scissile phosphate is essential for the self-cleavage reaction (10); therefore, the presence of a 2Ј,5Ј-phosphodiester bond at this site prevents the self-cleavage of C-PLMVd and thus stabilizes this conformer. Moreover, the result in Fig. 4 , lane 5, also shows that PLMVd strands accumulate predominantly as linear conformers rather than as circular ones and that no multimeric strands are detected. This result is in agreement with those published previously showing a larger proportion of linear conformers than of circular strands of PLMVd accumulated in infected cells (8) . The accumulation of primarily LPLMVd strands suggests that the ligation step is relatively inefficient.
DISCUSSION

2,5-phosphodiester bonds in PLMVd.
Our results illustrate the presence of 2Ј,5Ј-phosphodiester bonds at the ligation site of C-PLMVd strands isolated from the leaves of infected peach plants. These data are in contrast to the report of the presence of a 2Ј-phosphomonoester 3Ј,5Ј-phosphodiester bond at the ligation site of two viroid-like satellite RNAs (21) . In the latter study, the two viroid-like satellite RNAs were initially repli-
FIG. 2. (A)
Autoradiogram of 2D-PAGE analysis. RNA from PLMVd-infected (Siberian C cultivar) peach leaves mixed with in vitro-synthesized 32 P-labeled C-PLMVd was fractionated on a 2D 5% polyacrylamide gel. The C-and L-PLMVd transcripts are indicated by arrows. The diagonal (dotted line), 5S RNA, and rRNA were revealed by silver staining. XC, xylene cyanol. (B and C) Typical 2D TLC autoradiograms corresponding to hydrolysis of the RNA species isolated from healthy and infected peach leaves, respectively. Nonradioactive mono-and dinucleotides were also cofractionated and are identified. The directions of migration are shown, and the origin (o) is indicated. These autoradiograms were overexposed in order to allow for the detection of any trace products. cated in protoplasts from Nicotiana clevelandii in order to produce 32 P-labeled RNA that was then purified by one-dimensional denaturing gel electrophoresis (i.e., fractionation strictly based on molecular weight). We wanted to use peach protoplasts but, unfortunately, this approach was not experimentally viable (data not shown). Consequently, RNA samples were isolated from infected peach leaves and purified by 2D electrophoresis involving fractionation based on molecular weight followed by one based on the conformation of the RNAs. As a result, the RNA species isolated from far off the diagonal in these gels correspond to circular 338-nt RNA molecules. The probability that these isolated RNA species might result from induction by viroid infection is infinitely small. The viroid infection modulates (i.e., results in the overexpression   FIG. 3 . Autoradiogram of 5% PAGE analysis of self-cleavage experiments using either 2Ј,5Ј-or 3Ј,5Ј-C-PLMVd. Radioactive transcripts (C-PLMVd) were added to the ground leaf powder, and the RNA was extracted using the RNeasy plant minikit and incubated under self-cleavage conditions with or without prior heat denaturation and snap-cooling treatments. Lanes 1 and 6, untreated L-PLMVd (control); lanes 2 to 5 and 7 to 10, 3Ј,5Ј-and 2Ј,5Ј-C-PLMVd, respectively; lanes 2 and 7, C-PLMVd extracted and incubated under selfcleavage conditions without heat denaturation and snap-cooling steps; lanes 3 and 8, like lanes 2 and 7, except that the extraction was performed in the presence of additional 5 mM EDTA in all buffers; lanes 4 and 9, like lanes 2 and 7, except that the samples were heat denatured and snap-cooled prior to incubation under self-cleavage conditions; lanes 5 and 10, like lanes 4 and 9, except that the extraction was performed in the presence of additional 5 mM EDTA. Adjacent to the gel, the positions of the C-PLMVd and L-PLMVd transcripts are used as size references.
FIG. 4.
Autoradiogram of a Northern blot with RNA samples incubated under both self-cleavage and non-self-cleavage conditions. Lane 1, synthetic, minus-strand, monomeric PLMVd without snapcooling; lane 2, RNA sample from healthy leaves incubated without snap-cooling; lanes 3 and 4, RNA samples from healthy leaves mixed with 0.5 ng of synthetic 3Ј,5Ј-C-PLMVd transcripts (of positive polarity) and incubated without and with snap-cooling, respectively; lanes 5 and 6, RNA samples isolated from PLMVd-infected leaves either without or with prior self-cleavage, respectively. Adjacent to the gel, the positions of the C-PLMVd and L-PLMVd transcripts are used as size references, and ori indicates the origin. The panels including lanes 1 and 2 and lanes 5 and 6 were overexposed in order to allow for the detection of any trace products. (Table 1) . Furthermore, the isolated RNA species were not a lariat because they would have produced a different junction after digestion (i.e., a threeway junction). Moreover, the possibility that a 2Ј,5Ј-linked oligo(A) might have comigrated with PLMVd is highly unlikely, as it has been shown that most oligonucleotides of this type are usually very small (i.e., ϳ10 nt) (34) . Also, it would be surprising for such an oligonucleotide to include a C/U dinucleotide and, more importantly, for this C/U dinucleotide to be the only 2Ј,5Ј-linked dinucleotide that it contains. Although the sequence context of this C/U dinucleotide is limited, the only conclusion that can be drawn is that it unequivocally originated from purified C-PLMVd. By itself, the demonstration that almost all C-PLMVd copies include the resistant bond constitutes additional evidence that PLMVd was the only RNA species found in the off-diagonal gel bands. Since PLMVd multimeric strands do not accumulate in cells (8) , the obligatory templates for replication are the circular conformers (i.e., C-PLMVd). Therefore, the 2Ј,5Ј-phosphodiester bonds most likely create these circular templates. The ability of reverse transcriptase to read through a 2Ј,5Ј linkage has been estimated to be greater than 50% (10, 25) , with the remaining cDNA synthesis being terminated. Therefore, the presence of a 2Ј,5Ј linkage does not constitute an important obstacle to polymerase progression (10, 25) ; rather, it results in a significant advantage in terms of viroid viability, since it protects viroid integrity.
The mechanism responsible for the formation of these 2Ј,5Ј-phosphodiester bonds remains to be elucidated. One possibility is catalysis by a host 2Ј,5Ј RNA ligase. Such an enzyme has been purified from Escherichia coli and demonstrated to ligate tRNA half-molecules in vitro, but the natural substrate(s) remains unidentified (1, 16) . However, some observations suggest that the in vivo mechanism of ligation may be analogous to the nonenzymatic one observed in vitro (10) . First, PLMVd accumulates predominantly and most likely replicates in chloroplasts (8) ; no chloroplastic gene encoding an RNA ligase has been identified, nor has such an activity been purified from chloroplasts (J. P. Perreault, personal communication). Second, self-ligation has minimal requirements other than the correct juxtaposition of the strand ends produced by hammerhead self-cleavage on a complementary strand (22) . It has been shown that the self-ligation site is embedded in a very stable stem that is formed in solution and, most likely, also in vivo (9) . Third, analysis of the sequence surrounding the ligation site suggests the existence of selective pressure in favor of the self-ligation mechanism, as it appears to be conserved (10) . Thus, all self-ligation requirements are satisfied. Finally, in vitro self-ligation is relatively inefficient (i.e., ϳ10%) (10), resulting in the accumulation of linear monomers. This effect correlates perfectly with the ratio of L-to C-PLMVd strands observed in vivo (i.e., Ͼ11:1) (8) (see also Fig. 3, lanes 5 and 6) . Clearly, in vivo nonenzymatic self-ligation appears to be the most interesting hypothesis for PLMVd circularization. However, additional physical evidence in favor of this mechanism is required. Unfortunately, directed mutagenesis of the nucleotide(s) near the ligation site, in order to either reduce or abolish self-ligation in vivo, does not constitute an option, as it also inhibits the self-cleavage activity of the concatameric PLMVd strands. Nevertheless, if self-ligation, like self-cleavage, is indeed a part of PLMVd replication, then this process would be largely an RNA-based mechanism in which the only host component required is an RNA replicase.
Role of 2,5-phosphodiester bonds in nature. RNA molecules are biological polymers composed of nucleotides covalently linked by phosphodiester bonds. Enzymes, such as RNA polymerases, that act on RNA use the ribose 3Ј-hydroxyl groups, instead of the 2Ј-hydroxyl groups, to create 3Ј,5Ј-phosphodiester bonds. There are some examples of 2Ј,5Ј-phosphodiester bonds in nature, but most of these are formed in RNA species that already possess a 3Ј,5Ј-phosphodiester bond and result in a "branched" 2Ј,5Ј linkage like that observed in the lariats adopted by introns. Currently, the only "in-line" 2Ј,5Ј-phosphodiester bonds, which leave the 3Ј-hydroxyl group free, that have been retrieved from cells are the 2Ј,5Ј-oligoadenylates (see reference 34 for a review). Based on current knowledge, the discovery of any other in-line natural 2Ј,5Ј-phosphodiester bonds appear to be unlikely. In fact, the existence of these bonds has been essentially limited, so far, to in vitro experiments representative of prebiotic chemistry, in which the absence of the 3Ј,5Ј-phosphodiester bond has been attributed to the intrinsic lack of activity of the 3Ј-hydroxyl group (e.g., see references 24, 28, 31 and 35). For example, the nonenzymatic joining of both adenosine and short poly(A) oligonucleotides on poly(U) templates produces 97% 2Ј,5Ј-phosphodiester bonds (28, 35) . Moreover, in vitro selection of RNA enzymes using pools of randomized sequences has led to the isolation of catalytic sequences that act as 2Ј,5Ј RNA ligases (13) .
The results reported here show that 2Ј,5Ј-phosphodiester bonds are still present in nature and that they are of biological importance. The finding of 2Ј,5Ј-phosphodiester bonds in an RNA species currently found in nature may have at least two consequences regarding molecular biology. On the one hand, since this type of phosphodiester bond is primarily associated with prebiotic chemistry, its presence in PLMVd supports the hypothesis that this viroid constitutes a model "relic" from the precellular world (12) . On the other hand, regardless of the mechanism responsible for the production of the 2Ј,5Ј-phosphodiester bonds, it is tempting to speculate that these bonds are not restricted to PLMVd and that many other as-yetunidentified RNA molecules possess this linkage. Since the requirements for self-ligation are minimal, this mechanism may be the source of the production of these bonds in various cellular RNAs. The 2Ј,5Ј-phosphodiester bonds could serve to stabilize the phosphate backbone at specific locations or even to create and modify an RNA molecule (i.e., RNA recombination). They have the potential to contribute significantly to biology.
